2011). Loss of tumor suppressor genes often favors increased symmetric divisions of cancer stem cells, which promote proliferation and tumor growth.
Asymmetric cell division usually relies on imbalance of cell fate determinant proteins in the two cellular compartments to break symmetry, resulting in daughter cells with distinct cell fates. A canonical cell fate determinant in Drosophila neuroblasts and various mammalian stem cells, Numb targets membrane-bound Notch receptors for degradation (McGill and McGlade, 2003; Schweisguth, 2004) . Furthermore, Numb is a cell fate determinant for various cancer stem cells, and has been used as a marker for distinguishing symmetric vs. asymmetric division (O'Brien et al., 2012) .
Recently, emerging evidence suggests that asymmetric distribution of microRNAs can also give rise to asymmetric cell fates (Bu et al., 2013a; Hwang et al., 2014) . For example, we have shown that miR-34a directly targets Notch to form a cell fate determination switch in colon cancer stem cells (CCSCs). A tumor suppressor in many cancer types, miR-34a regulates differentiation of embryonic and neural stem cell, somatic cell reprogramming, and cardiac aging (Boon et al., 2013; Choi et al., 2011; He et al., 2007; Liu et al., 2011) . miR-34a mimics such as MRX34 are among the first microRNA mimics to reach clinical trial for cancer therapy (Bader, 2012; Bouchie, 2013) .
However, this raises the question as to whether microRNA and protein cell fate determinants act independently or coordinate with each other to determine cell fate. The relationship between miR-34a and Numb is intriguing, because both target Notch in CCSCs. Here we show that miR-34a directly bind to the 3′UTR of Numb mRNA to suppress Numb expression, so that miR-34a, Numb, and Notch form an incoherent feedforward loop (IFFL). Combination of computational analysis and quantitative experiments revealed that the unique regulatory kinetics among miR-34a, Numb, and Notch enables a robust binary switch, so that Notch level is steady and insensitive to precise miR-34a level except for a sharp transition region. The switch enforces bimodality and cell fate bifurcation in the population. Subversion of this IFFL via Numb knockdown degrades Notch bimodality and gives rise to an intermediate subpopulation of cells with ambiguous and plastic cell fate. We further show that this cell fate determination switch plays a role in mouse intestinal stem cells (ISCs) . Although Lgr5+ ISCs divide symmetrically in normal tissue homeostasis, we found that excessive proliferation caused by pro-inflammatory stress or APC deficiency triggers asymmetric division, which restrains the number of Lgr5+ ISCs. Silencing of the miR-34a-mediated switch inhibits ISC asymmetric division and contributes to CCSC-like proliferation in stressed tissue. Hence, the cell fate determinants provide a safeguard mechanism against excessive stem cell proliferation when normal homeostasis is disrupted by inflammation or oncogenic mutation.
with immunofluorescence (Bu et al., 2013a; Bultje et al., 2009) (Figure S1A ). During asymmetric CCSC division, miR-34a and Numb are mostly present in the Notch low ALDH1 low non-CCSC daughter cells (Figure S1B) , consistent with their function as Notch suppressors (Figures S1C and S1D) (Bu et al., 2013a) . According to coimmunofluorescence for mir-34a and Numb, miR-34a and Numb were present in the same daughter cells in 82% of the divided pairs, whereas they were present in different daughter cells in 18% of the divided pairs ( Figures 1A and 1B) . Expression of Numbl, a Numb homologue involved in neurogenesis, was not detectable in CCSC.
We then examined potential interaction between these two cell fate determinants, with the initial hypothesis that one might upregulate the other. We first expressed miR-34a in CCSCs using lentiviral infection and measured Numb expression levels by RT-qPCR and Western blot. Unexpectedly, ectopic miR-34a suppressed Numb expression ( Figures 1C and 1D ). To investigate whether miR-34a directly targets Numb, we used the microRNA target prediction tool RNA22 to analyze the 3′UTR sequence of Numb and found a putative miR-34a binding site ( Figure 1E ). The Numb 3′UTR was then cloned into a luciferase reporter, which showed that ectopic miR-34a expression suppressed firefly luciferase activity, whereas mutation in the putative miR-34a seed region in the Numb 3′UTRs abrogated the suppression by miR-34a ( Figure 1F ). Therefore, miR-34a directly targets Numb mRNA to silence its expression.
miR-34a, Numb, and Notch form an incoherent feedforward loop (IFFL)
It is counterintuitive that miR-34a targets Numb for suppression, considering that both cell fate determinants suppress Notch and promote differentiation. Why does miR-34a suppress Notch directly but upregulate Notch indirectly via Numb? Here, miR-34a, Numb, and Notch form a motif called incoherent feedforward loop (IFFL) (Figure 2A ). miR-34a suppresses Notch1 and Numb translation by binding to the 3′UTRs of their mRNA, and Numb suppresses Notch1 by promoting its endocytosis and degradation.
Previous studies have found that IFFL can generate non-monotonic, adaptive, or pulse-like responses in different contexts (Goentoro et al., 2009; Kaplan et al., 2008; Mangan et al., 2006) , but none of these properties seemed to be particularly relevant to cell fate determination. There have also been computational analyses suggesting that microRNA may reduce noise in IFFL, but those referred to a different topology where the microRNA is suppressed by the protein (Osella et al., 2011) .
To understand how miR-34a and Numb may synergize through this arrangement, we explored the quantitative aspects of this particular IFFL. We previously showed that miR-34a generates a threshold response from Notch due to mutual sequestration, while Numb regulates Notch in a graded, continuous way (Bu et al., 2013a; Levine et al., 2007; Mukherji et al., 2011) , raising the prospect that this IFFL may possess unique properties. A similar setup was used to characterize the newly discovered miR-34a suppression of Numb. We incrementally increased ectopic miR-34a expression level using a Doxycyclineinducible promoter and performed Fluorescence Activated Cell Sorting (FACS) with antibody against Numb. FACS analysis revealed that incremental miR-34a induction gradually suppressed Numb levels in Numb high cells (Figures 2B and 2C) . A computational IFFL model was then constructed by expanding our previously published miR-34a/Notch model to include miR-34a suppression of Numb and Numb suppression of Notch (See Supplemental Information). The model assumes that miR-34a suppression of Notch1 is stronger than its suppression of Numb (which is more gradual), based on the experimental data. Simulation of the model over certain parameter ranges presented an interesting possibility that the IFFL could generate a more robust Notch switch than miR-34a alone ( Figure 2D ). With IFFL, 'high' and 'low' Notch levels are steady and insensitive to precise miR-34a level except for a narrow transition (threshold) region, which resembles a typical switch used in electronics. In contrast, Notch levels vary more with a wider transition region if there is only miR-34a but no Numb. Intuitively, when miR-34a level increases, Numb level is suppressed accordingly to offset, hence their combined suppression effect on Notch remains roughly constant until the mutual sequestration threshold is reached. Therefore, the IFFL buffers Notch level from miR-34a copy number variation and enforces a sharp transition only around the mutual sequestration threshold. Further simulations of the model suggested that the steepness of the transition is influenced by the relative strength between the direct and indirect paths ( Figures S2A-S2B) .
The model made a further prediction that IFFL produces better bimodality of Notch levels (and hence cell fate determination) in the population. Intuitively, the narrower transition region of the IFFL minimizes the number of cells with intermediate Notch levels ( Figure  2D ). Based on previous FACS measurements of Doxycycline-induced miR-34a level distributions in CCSC sphere cells (Bu et al., 2013a) , we performed stochastic simulations of IFFL and miR-34a alone (Numb knockdown). The simulations suggested that, even though miR-34a alone could generate Notch bimodality due to mutual sequestration as previously demonstrated (Bu et al., 2013a) , IFFL generates better Notch bimodality with more clearly defined peaks and fewer cells in between, thanks to its more robust switching behavior ( Figure 2E ).
miR-34a and Numb synergize for a robust Notch bimodal switch
Experiments were then designed to test whether the presence of Numb enhances miR-34a regulation of Notch as a cell fate switch. First, we measured the response of Notch1 level to incremental miR-34a levels with and without Numb. As previously demonstrated, we used CCSCs stably integrated with a lentiviral vector that drives ectopic miR-34a expression with a Doxycycline-inducible promoter (Bu et al., 2013a) (Figure 3A ). CCSCs were then infected with a lentiviral vector expressing short hairpin RNAs (shRNAs) against Numb to knock down Numb. The efficiency of Numb knockdown in CCSCs was verified by western blot ( Figure S2C ). CCSCs in separate wells were then treated with incremental dosages (0, 100, 200, 300, 400, and 500 ng/ml) of Doxycycline. RT-qPCR verified that induced miR-34a expression level increased linearly with Doxycycline dosage in CCSCs with or without Numb knockdown ( Figures S2D and S2E ). Time-series measurements indicated that it took approximately 42 hours for Notch levels to stabilize after doxycycline induction ( Figures S2F-S2I ), so steadystate measurements were performed 48 hours post induction. With Numb, Notch levels remained largely steady until being abruptly turned off by 400 ng/ml Doxycycline induction of miR-34a (Figures 3B, 3D and S3J) . In contrast, Notch levels gradually decreased and slowly turned off in response to increasing miR-34a levels when Numb was knocked down (Figures 3C, 3D and S3K) . These measurements support the computational hypothesis in Figure 2D that miR-34a and Numb work in synergy to generate a more robust switch. Without Numb, Notch level is more sensitive to miR-34a variation.
We then tested whether the presence of Numb enhances miR-34a regulation of Notch to be more bimodal as the computational analysis predicted. Again, we induced miR-34a at different levels and measured Notch protein levels in individual cells using flow cytometry, with antibody against Notch. In CCSCs with Numb, Notch displayed clear bimodality and individual cells were clustered around the Notch high or Notch low peaks. In contrast, in CCSCs with Numb knockdown, even though Notch level distribution was still overall bimodal due to mutual sequestration, bimodality was degraded by a subpopulation of cells with intermediate Notch levels between high and low ( Figure 3E ). This result is consistent with the computational prediction in Figure 2E that the IFFL improves Notch bimodality.
Intermediate Notch level leads to ambiguous and plastic cell fate
The implication of Notch bimodality on cell fate determination was then investigated. We We then performed serial sphere propagation assay to test these cells' self-renewal ability, which is a measure of their stemness (Figures 4D, 4E, S3E) . Notch high cells efficiently formed spheres in 3D Matrigel culture and maintained their sphere formation capability, whereas Notch low cells formed few spheres in the first generation and lost their sphere formation capability after serial propagation. Notch inter cells could also form spheres, but the spheres were far fewer and smaller than those formed by Notch high cells. We then compared tumorigenic capability by subcutaneously injecting 1×10 4 Notch high , Notch inter and Notch low cells respectively into Nude mice. During the observed period (6 weeks), all 6 mice injected with Notch high cells grew tumors, only 2 mice injected with Notch inter cells grew small tumors, and none of the mice injected with Notch low cells grew tumors ( Figure  4F ). Similar results were observed in mice injected with Notch high , Notch inter and Notch low cells sorted from a second CCSC (CCSC2) line ( Figure S3F) We then examined how the presence of the Notch inter cells affects cell division. Pair-cell assay followed by immunofluorescence for ALDH1 and CK20 revealed that Numb knockdown reduced asymmetric division and gave rise to significantly more ambiguous cell division outcomes, wherein one or both daughter cells co-expressed ALDH1 and CK20 ( Figures 4I and 4J) .
Altogether, the computational analysis and experimental data combined suggest that miR-34a suppresses Numb to form an IFFL, which acts as a robust switch to generate Notch bimodality. Undermining this switch by Numb knockdown results in a subpopulation of cells with intermediate Notch levels. These cells express both stem cell and differentiation markers, and show greater plasticity than Notch high and Notch low cells.
miR-34a and Numb are associated with differentiation of mouse intestinal stem cells
We have previously shown that miR-34a mediated asymmetric cell fate determination is mostly active in CCSCs isolated from early-stage CRC patient specimens, and tends to be silenced in CCSCs isolated from late-stage CRC specimens. CCSCs from early-stage specimens form xenograft tumors in mice that maintain histopathology of their primary human CRCs, which still retain reminiscent features of original colon tissue (Bu et al., 2013a) . This raised the possibility that miR-34a and Numb perform cell fate-related functions in normal tissues, which was initially inherited by early-stage CCSCs but eventually subverted in late-stage CCSCs.
To test this possibility, we first performed immunofluorescence for miR-34a and Numb in cryosectioned mouse intestinal crypts harvested from Lgr5-EGFP-IRES-CreER T2 transgenic mice (Sato et al., 2009) . miR-34a and Numb expression are low in GFP-labeled Lgr5+ intestinal stem cells (ISCs), but becomes higher in more differentiated cells above the stem cell niche (Figures 5A and 5B ). On the other hand, Notch1, the target of miR-34a and Numb suppression, was more expressed in Lgr5+ ISCs ( Figure 5C ), consistent with previous reports that Notch is expressed in ISC and essential for ISC self-renewal (Fre et al., 2011; VanDussen et al., 2012) .
To compare Numb and miR-34a expression levels between ISCs and more differentiated cells, we cultured mouse intestinal cells from Lgr5-EGFP-IRES-CreER T2 mice in 3D Matrigel, where they grew into crypt-villus like organoids (Sato et al., 2009) (Figure 5D ). The Lgr5+ ISCs (also called CBCs) are capable of both self-renewal and generating other intestinal cell lineages in these organoids. RT-qPCR showed that both Numb and miR-34a expression levels are lower in Lgr5-GFP+ cells than in Lgr5-GFP− cells (Figures 5E and  5F ). The difference in expression levels between Lgr5-GFP+ and Lgr5-GFP− cells is greater for miR-34a than for Numb. Flow analysis with RNA FISH probes confirmed low miR-34a expression in Lgr5-GFP+ cells ( Figure S4A) . Together, the immunofluorescence and RTqPCR data suggest that miR-34a and Numb expression are associated with more differentiated cells, whereas Notch1 is associated with Lgr5+ ISC.
To validate whether miR-34a and Numb suppress Notch1 in intestinal cells, we infected organoids with lentiviral vectors that express miR-34a or Numb. Transduction and knockdown efficiency was validated by RT-qPCR and Western blot (Figures S4B-S4C ). Western blot confirmed that ectopic miR-34a and Numb suppressed Notch1 expression in organoid cells ( Figures 5G and 5H) . Moreover, ectopic miR-34a expression also downregulated Numb expression, consistent with the IFFL ( Figure 5I ).
We then investigated how miR-34a, Numb and Notch impact ISC cell fate decision. Inhibition of Notch by treating the organoids with the γ-secretase inhibitor DAPT significantly reduced the Lgr5-GFP+ ISC population in the organoids ( Figures 5J, 5N and  S4D ). Ectopic expression of miR-34a or Numb via lentiviral infection of organoid cells had a similar effect of reducing Lgr5-GFP+ ISCs, consistent with their role of Notch suppression ( Figures 5K-5L and 5O-5P). Next, we used a lentiviral vector to express shRNA against Numb in organoids in order to examine whether knockdown of Numb would impact intestinal cell fate bimodality as it does to early-stage CCSCs. The efficiency of Numb knockdown was validated by Western blot ( Figure S4E ). Indeed, a subpopulation of cells with intermediate Lgr5 expression levels between Lgr5 high ISCs and Lgr5 low non-ISCs emerged, and the Lgr5-GFP distribution was no longer bimodal ( Figures 5M and 5Q) . The effects on ISCs were further validated by measuring the levels of Ascl2, an alternative marker for Lgr5+ ISC (van der Flier et al., 2009; VanDussen et al., 2012) . Consistently, inhibition of Notch signaling by DAPT, ectopic miR-34a or Numb expression reduced Ascl2 levels, whereas Numb knockdown increased Ascl2 levels in organoids ( Figures 5R-5Y) . Notch inhibition by DAPT, ectopic miR-34a, or Numb expression also increased apoptotic cells shed into the lumen, a process reminiscent of the shedding of terminally differentiated cells in vivo ( Figures S5F-S5I) (Sato et al., 2009 ).
Inflammatory stress induced miR-34a-dependent asymmetric division
To investigate how loss of the miR-34a-mediated switch may specifically impact ISC cell fate decision, we crossed miR-34a flox/flox mice (Concepcion et al., 2012) with Lgr5-EGFP-IRES-CreER T2 mice and then intraperitoneally administered Tamoxifen, which activated Cre to knock out miR-34a in Lgr5+ ISC specifically. miR-34a knockout in Lgr5+ ISCs did not cause noticeable changes to the crypt morphology or the number of Lgr5-GFP ISCs in vivo or in derived organoids (Figures S5A-S5B ). To confirm that miR-34a is not essential for crypt homeostasis, we examined the intestinal crypts from a constitutive miR-34a knockout (miR-34a −/− ) model (Choi et al., 2011) . The crypt morphology again seems normal (Figures S5C) . This suggests that the miR-34a-mediated switch is not essential for Lgr5+ ISC mediated intestinal homeostasis under normal physiological conditions. TNFα, a pro-inflammatory cytokine associated with chronic colitis, has been linked to risk of colorectal carcinogenesis (Coussens and Werb, 2002; Popivanova et al., 2008) . A low dosage (10ng/ml) treatment of TNFα for 3 days caused modest proliferation of Lgr5-GFP+ ISCs, increasing their number from 12% to 19% of the total organoid cell population. The effect of TNFα treatment was amplified by miR-34a knockout. TNFα-induced ISC proliferation became more excessive in organoids derived from miR-34a flox/flox mice/Lgr5-GFP-IRES-CreER T2 mice after miR-34a knockout was induced, causing proliferating Lgr5-GFP+ ISCs to comprise 38% of the organoid cell population ( Figure 6A ). Consistent with the flow analyses, TNFα and loss of miR-34a greatly increased the expression of Lgr5 and Ascl2, the marker for Lgr5+ ISCs (Figures 6B-6D) . Moreover, miR-34a knockout caused TNFα-treated organoids to grow into undifferentiated spheres that resemble CCSC spheres, with enrichment of Lgr5-GFP+ ISCs ( Figure 6E ). BrdU incorporation assay showed that loss of miR-34a led to excessive proliferation in TNFα-treated organoids ( Figure 6F ). Therefore, despite being non-essential for normal tissue homeostasis, the miR-34a-mediated cell fate switch provides a safeguard against excessive ISC proliferation when stem cells regenerate under pro-inflammatory stress.
Lgr5+ ISCs are thought to divide symmetrically in normal conditions (Lopez-Garcia et al., 2010; Snippert et al., 2010) . We explored whether the presence of miR-34a has the capability to promote asymmetric division and differentiation to counter excessively proliferating ISCs. We first examined the division of intestinal organoid cells using both the pair-cell assay and direct immunofluorescence on Lgr5-GFP+ doublets freshly isolated by FACS, with antibodies against α-or β-tubulin to mark mitotic cells. Under normal organoid culture condition, only 4.6% of the Lgr5-GFP+ cells or 3.6% of Ascl2+ cells from Lgr5-EGFP-CreER T2 organoids divided asymmetrically, while asymmetric division was barely observed in miR-34a deficient Lgr5-GFP+ or Ascl2+ cells from Lgr5-EGFP-CreER T2 / miR-34a flox/flox organoids. Remarkably, 3-day treatment of 10ng/ml TNFα caused 19% of Lgr5-GFP+ cells or 17.3% Ascl2+ cells from Lgr5-EGFP-CreER T2 organoids to divide asymmetrically. In contrast, miR-34a deficiency reduced such asymmetric division to less than 2% in Lgr5-EGFP-CreER T2 /miR-34a flox/flox organoids ( Figures S4J-S4K and 6G-6H ).
miR-34a dependent asymmetric division in vivo
To examine whether inflammation also activates ISC asymmetric division in a miR-34a dependent manner in vivo, Lgr5-EGFP-CreER T2 and Lgr5-EGFP-CreER T2 /miR-34a flox/flox mice were treated with 3% dextran sodium sulfate (DSS) in daily drinking water for 5 days, followed by 5 days of plain water supply for recovery. Tissues were then harvested and stained. Consistent with previous reports (Coste et al., 2007; Oh et al., 2014; Yan et al., 2009) , DSS upregulated inflammatory factors TNFα, IL-1β and IL-6 in mouse intestine and colon inflammation (Figures S5D and S5E ). Regeneration after DSS-induced tissue damage increased the number of Lgr5-GFP+ ISCs and Lgr5 and Ascl2 expression in the intestine and colon, which was further amplified by loss of miR-34a ( Figures 7A-7F and S5F-S5G, 7A-7F). DSS treatment caused more proliferation in miR-34a deficient crypts, as shown by the number of cells incorporating BrdU (Figures S5H-S5I ). Crypts were then stained for tubulin to identify dividing cell pairs with microtubule configuration consistent with telophase (the final phase of mitosis) -the midbody at the division plane during cytokinesis and asters at the poles. The cell polarity protein PARD3 was concurrently stained to validate division symmetry. Under stress, more ISCs switch to asymmetric division, from 2% to 13% of all Lgr5-GFP+ divisions and from 1.6% to 9% of all Ascl2+ divisions. Asymmetric division was remarkably decreased to 4% in miR-34a deficient mice ( Figures 7G-7H and S6A-S6B). Notably, colon stem cells follow the same trend. During recovery from DSS treatment, Lgr5-GFP and Ascl2+ colon stem cells underwent more asymmetric division in a miR-34a dependent manner ( Figures 7I-7J and S6C-S6D ).
We then tested whether asymmetric division can also be triggered by ISC proliferation due to genetic mutation. APC deficiency causes ISC proliferation and is an initiation step for adenomas and 90% of CRC (Schepers et al., 2012) . We crossed transgenic mice carrying Lgr5-EGFP-CreER T2 and APC flox/flox alleles, and co-immunofluorescence for Lgr5-GFP and Tubulin confirmed that APC −/− intestinal tissues derived from Lgr5-EGFPCreER T2 /APC flox/flox mice induced with Tamoxifen in vivo contain asymmetric LGR5+/ LGR5− or Ascl2+/Ascl2− division pairs ( Figures S6E-S6H ). Hence ISC proliferations in APC-deficient mouse adenomas can trigger asymmetric division.
To further validate the presence of asymmetric division in clinical samples, we examined 12 pairs of human normal colon and CRC samples. 10.6% of the Lgr5+ and 8.4% of the Ascl2+ dividing pairs were undergoing asymmetric division in CRC samples, in contrast to less than 1% in normal colon samples ( Figures 7K-7L and S6I-S6J).
Taken together, the in vitro and in vivo data indicate that, despite being rare in normal tissue, the frequency of asymmetric division can be increased to rein in excessive stem cell proliferation during inflammation-induced regeneration/repair. Loss of miR-34a inhibits asymmetric division and promotes symmetric division that exacerbates stem cell proliferation ( Figure S7 ).
DISCUSSION
Spatial imbalance of cell fate determinants can break symmetry and force bifurcation of cell fate. Here we show that the microRNA cell fate determinant miR-34a and canonical protein cell fate determinant Numb synergize to regulate self-renewal vs. differentiation of earlystage CCSC. miR-34a directly suppresses Numb to form an IFFL, which generates a robust binary switch response from Notch. This switch enhances bimodality of the population and separates CCSCs from non-CCSCs. Undermining this switch via Numb knockdown degrades bimodality and gives rise to an intermediate population of cells that have more ambiguous and plastic cell fate. We further showed that this cell fate determination switch likely provides a safeguard against excessive ISC self-renewal and proliferation in normal tissues. This safeguard mechanism can be triggered during tissue regeneration and repair after inflammation-induced damage, and its inactivation by miR-34a deletion exacerbates Lgr5+ ISC proliferation. The miR-34a-mediated asymmetric division is active in early-stage CCSCs, likely triggered by their excessive proliferation, and is eventually subverted by miR-34a silencing in late-stage CCSCs.
Like most microRNAs, miR-34a targets multiple genes. The level of free miR-34a available to bind Notch1 mRNA is subject to variation due to the expression of other miR-34a target genes. The IFFL may provide an additional benefit of buffering Notch and cell fate decision from such miR-34a copy number variation, because binary Notch level and its resulting bimodality is largely insensitive to precise miR-34a concentration as long as it does not cross the transition threshold.
miR-34a and Numb are lower in mouse Lgr5+ ISCs and higher in more differentiated nonISCs, consistent with their roles of suppressing Notch. However, the fact that miR-34a deletion generates no obvious intestinal phenotype was puzzling initially. Why loss of miR-34a is so significant to CCSCs? The observation that miR-34a curbs excessive ISC proliferation under pro-inflammatory stress provides a potential answer: normal tissues possess seemingly non-essential or redundant mechanisms for robustness (Ebert and Sharp, 2012; Shen et al., 2008) , and the importance of such mechanisms can become more prominent under stress or disease conditions. CCSCs in late-stage tumors eventually remove this barrier by silencing miR-34a and asymmetric division, contributing to more undifferentiated tumors (Bu et al., 2013a; Bu et al., 2013b) . The concept of robustness may also provide insights into other microRNAs that are important tumor suppressors but not essential for normal tissue homeostasis.
The subject of ISC division symmetry has been intensely studied, which transformed our view of adult stem cell in mammalian tissue (McHale and Lander, 2014) . Previously, ISCs were thought to undergo asymmetric division exclusively to protect their number and genomic integrity (Goulas et al., 2012; Potten et al., 2002; Quyn et al., 2010) . However, Lgr5+ CBC cells were identified as actively cycling ISCs, and they perform symmetric division while competing with each other in a neutral drift process (Lopez-Garcia et al., 2010; Snippert et al., 2010) . Intriguingly, asymmetric division has been consistently observed in CCSCs, and its abrogation in favor of symmetric division increases their tumor initiating and proliferative capacity (Bu et al., 2013a; Hwang et al., 2014; O'Brien et al., 2012) . Similar observations have been made in other types of cancer stem cells as well (Bajaj et al., 2015; Cicalese et al., 2009; Dey-Guha et al., 2011; Lathia et al., 2011; Pece et al., 2010; Pine et al., 2010; Sugiarto et al., 2011) . Why do CCSCs activate asymmetric division, seemingly de novo, which curbs proliferation and promotes differentiation? Our data provide a potential explanation to this paradox: the mechanism of asymmetric division exists in ISC, but is largely silent during normal tissue homeostasis. The rate of asymmetric division is increased to rein in the number of proliferating Lgr5+ stem cells during tissue regeneration after inflammatory damages. It is plausible that asymmetric division may be activated to counter stem cell proliferation at the onset of oncogenesis and remains active in early-stage CCSCs, until being eventually silenced (e.g., through silencing miR-34a) by tumor progression.
EXPERIMENTAL PROCEDURES CCSCs Isolation, Culture and Differentiation
CCSCs isolation, culture and differentiation were performed as described as previously (Bu et al., 2013a ). These procedures are described in detail in the Supplemental Experimental Procedures.
Transgenic Mice and DSS treatment
Lgr5-EGFP-creER T2 /miR-34a flox/flox mice were generated by interbreeding Lgr5-EGFPcreER T2 mice (Sato et al., 2009 ) and miR-34a flox/flox mice (Concepcion et al., 2012) . Lgr5-EGFP-creER T2 /APC flox/flox mice were generated by interbreeding Lgr5-EGFP-creER T2 mice with APC flox/flox mice (Shibata et al., 1997) . Cre recombinase was induced by intraperitoneal injection of Tamoxifen (Sigma) dissolved in sterile corn oil for 5 consecutive days at a dose of 75mg/kg. For DSS treatment, 6-8 week old mice were treated with DSS (36,000-50,000 kDa; MP Biomedicals) in daily drinking water for 5 days, followed by plain water for 5 days. All animal experiments were approved by The Cornell Center for Animal Resources and Education (CARE) and followed the protocol (2009-0071 and 2010-0100) .
Mouse intestinal organoid culture
Crypt isolation, cell dissociation, and organoid culturing were performed using previously described protocol (Sato et al., 2009) . For TNFα treatment, organoid cells were cultured in medium containing 10ng/ml TNFα (R&D) for 72 hours.
Immunofluorescence
Pair-cell assay was used to investigate CCSC division. Disassociated single CCSC sphere cells were plated on an uncoated glass culture slide (Corning) and allowed to divide once. After fixed in cold methanol, the cells were blocked in 10% normal goat serum for 1 hour and then incubated with anti-ALDH1 (clone H-4, 1:100, Santa Cruz), anti-CK20 (clone H-70, 1:100, Santa Cruz), anti-Numb (1:100, Abcam) and anti-Notch1 (1:400, Abcam) antibody overnight at 4 °C. For the BrdU incorporation assay, the tissue sections were incubated in 1M HCl for 1 hour at 37 °C after fixation. The sections were then washed, and switched to 100 mM Na 2 B 4 O 7 for 2 minutes. After blocked in 10% normal goat serum for 1 hour, the cells were then incubated with anti-BrdU (1:200, Sigma). The cells were then incubated with Rhodamine Red labeled secondary antibody (Invitrogen) for 1 hour at room temperature. After counterstained with DAPI (Invitrogen), the slides were observed under a fluorescent microscope (Olympus).
Divisions of Lgr5-EGFP ISCs were examined by three methods. First, Lgr5-GFP doublets were directly collected from intestinal organoids by FACS sorting based on GPF signal and cell size. The cells were then immediately fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton-X and stained with anti-GFP-Alexa Fluor 488 (1:500, Abcam), anti-Ascl2 (1:100, Bioss) and anti-β-Tubulin-Cy3 antibodies (1:100, Sigma). In the second method, single Lgr5-GFP cells were plated in Matrigel and allowed to divide once. The cells were then fixed, permeabilized and stained with anti-GFP, anti-Ascl2 and anti-α-tubulin (1:500, Abcam) antibodies. In the third method, intestines from LGR5-EGFP-creER T2 and LGR5-EGFP-creER T2 /APC flox/flox mice and human colon and CRC samples were fixed in 4% paraformaldehyde. Frozen sections were then prepared and stained with anti-GFP, antiAscl2, anti-PARD3 (1:200, Abcam) and anti-α-tubulin (1:500, Abcam) antibodies. After counterstaining with DAPI (Invitrogen), the slides were observed under a fluorescent microscope (Olympus).
RNA FISH
RNA FISH was performed as described as previously (Bu et al., 2013a ). These procedures are described in detail in the Supplemental Experimental Procedures.
Flow Cytometry, RT-qPCR and Western blot
Flow Cytometry, RT-qPCR and Western blot were performed as described as previously (Bu et al., 2013a ). These procedures are described in detail in the Supplemental Experimental Procedures.
Statistical Analysis
Data were expressed as mean ± standard deviation of three biological repeats. Student t-tests were used for comparisons, with p<0.05 considered significant.
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